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Abstract 
Ceramic On-Demand Extrusion (CODE) is an extrusion-based additive manufacturing 
process recently developed for fabricating dense, functional ceramic components. Presented in this 
paper is a further development of this process focusing on fabrication of functionally graded 
materials (FGM). A dynamic mixing mechanism was developed for mixing constituent ceramic 
pastes, and an extrusion control scheme was developed for fabricating specimens with desired 
material compositions graded in real time. FGM specimens with compositions graded between 
Al2O3 and ZrO2 were fabricated and ultimately densified by sintering to validate the effectiveness 
of the CODE process for FGM fabrication. Energy dispersive spectroscopy (EDS) was used to 
compare final compositions to the original material designs. The specimen’s hardness at different 
locations along the gradients was examined by micro-indentation tests. The dimensions of sintered 
specimens were measured, and the effects of material composition gradients on the distortions of 
sintered FGM specimens were analyzed.  
 
Introduction 
Several additive manufacturing (AM) processes have been developed for ceramics and 
glasses, including binder jetting [1], [2], material extrusion [3]–[8], vat photopolymerization [9], 
[10], powder bed fusion [11, 12], and directed energy deposition [13–15], among others. Ceramic 
On-Demand Extrusion (CODE) [7] is a recently developed paste extrusion-based AM process, 
which produces ceramic components with near theoretical density (>98%) after sintering [4, 16–
18]. It deposits high solids loading (>50 vol%) aqueous ceramic pastes onto a substrate layer by 
layer at room temperature. Each deposited layer is partially solidified by uniform infrared radiation 
drying from above before the subsequent layer is initiated. At the same time, undesirable 
evaporation from the sides of the part is prohibited by surrounding the part with a liquid [7]. This 
layered uniform radiation drying approach minimizes the moisture content gradient in the part 
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during the fabrication process and thus enables CODE to produce crack-free ceramic parts. The 
printed parts are then bulk-dried in a controlled environment with appropriate humidity, after 
which the green bodies are sintered to produce near-theoretical density parts [16–18].  
Functionally graded materials (FGM) are characterized by gradual variations of material 
compositions over volumes, which allows for a combination of materials or material properties 
not typically achievable in monolithic materials [19]–[22].  Alumina/zirconia (Al2O3/ZrO2) FGM 
components have been of great interest, mainly to enhance the fracture toughness through the 
incorporation of ZrO2 phase. One potential application is the prosthetic hip joint ball [22, 23], 
where the FGM realizes the transition from a tough ZrO2 core, which provides the high strength 
of the hub structure and reduces the risk of cracking, to a wear-resistant Al2O3 ball surface, which 
guarantees a long service life in a human body. Additive manufacturing (AM) processes are 
especially advantageous for fabricating FGM components due to the layer-by-layer nature of the 
processes. Considering that the melting temperatures of ceramics are usually too high for thermal-
based melt deposition and the fact that the ink jetting-based ceramic AM processes are subject to 
high porosity [20], material extrusion-based AM processes are the most favorable method for 
fabricating ceramic FGM components [20].  
The present paper introduces a dynamic mixing device to the Ceramic On-Demand 
Extrusion (CODE) system for fabricating FGM specimens. Two distinct materials were extruded 
through separate extruders into the mixing chamber of the dynamic mixer with controlled flowrates. 
The pastes were then blended by the dynamic mixer to a homogenous mixture and finally deposited 
through nozzles to fabricate FGM specimens with planned material compositional distribution. 
The FGM specimens were post-processed and characterized to validate the functionality and 
accuracy of the dynamic mixing device. Deformation was observed on the sintered specimens. The 
effects of material composition gradients on the deformation of sintered FGM specimens were 
analyzed.  
 
Experimental Setup  
The CODE fabrication system consists of a cartesian gantry system, an extrusion device 
mounted on the gantry and capable of extruding viscous ceramic pastes at controlled flowrates, an 
oil feeding device to regulate the oil level in the tank, and an infrared radiation heating device 
capable of positioning the infrared source and providing on/off control. Introduction and details of 
the CODE fabrication system were presented in the previous papers [4, 7, 24]. In the present work, 
the CODE system was configured to deposit a mixture of two materials using a dynamic mixing 
tool head consisting of two auger extruders and a dynamic mixer. The two auger extruders were 
controlled separately to extrude two different pastes at independent flowrates. As shown in Figure 
1(a), the two pastes are extruded through the inlets into the dynamic mixer. As the two pastes 
passed through the mixing chamber, a motor-driven mixing blade blended the distinct pastes to 
produce a homogenous mixture, which was then deposited through the outlet to form a 3D part. 
The actual components and layout of the dynamic mixing tool head are shown in Figure 1(b). 
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Figure 1. Dynamic mixing tool head of the CODE system. (a) Schematic of the dynamic mixer, (b) The actual 
dynamic mixing tool head mounted on the CODE system.  
 
Fabrication of Functionally Graded Materials 
Preparation of pastes 
Aqueous Al2O3 pastes and ZrO2 (3Y) pastes were prepared as the feedstock materials. The 
composition of the pastes and detailed steps of paste formation can be found in previous works 
[16, 17]. The ZrO2 pastes were prepared to have 50 vol% solids loading. Considering the shrinkage 
of components during the bulk drying process and the sintering process, the Al2O3 pastes were 
also adjusted to have 50 vol% solids loading, expecting to minimize the mismatch of shrinkage 
between the two materials, and hence minimize the distortion of the FGM specimens during 
sintering. In order to visualize the material variation in the printed specimens, the white Al2O3 
pastes and ZrO2 pastes were colored green and pink, respectively, using FD&C Yellow 5 & Blue 
1 and FD&C Red 40 dyes.  
Printing single-bead lines with graded materials 
In order to test the capability of the dynamic mixing tool head to build parts with graded 
materials and examine the response of changing material composition, a single-bead serpentine 
shape was printed using both the ZrO2 paste (pink) and the Al2O3 paste (green). The ZrO2 and 
Al2O3 pastes were extruded by extruders A and B, respectively. As shown in Figure 2, the dynamic 
mixing tool head was first loaded with ZrO2 paste and was then commanded to switch to Al2O3 
paste by turning off extruder A and turning on the extruder B at location 1. The serpentine shape 
was printed from location 1 to location 5, during which the dynamic mixing tool head was 
commanded to switch between ZrO2 and Al2O3 at locations 2, 3, and 4. The mixing blade was 
spinning at 900 rpm during the entire printing process. As expected, the change in material didn’t 
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take place immediately after receiving the control commands at locations 1-4. Instead, a delay was 
observed before the printed line changed its color.  
 
Figure 2. A single-bead serpentine printed using dynamic mixing device with graded materials (pink: ZrO2, 
green: Al2O3). The mixing blade was spinning at 900 rpm during the entire printing process. 
 
Determining the delay of changing material composition 
The dried serpentine shaped specimen is shown in Figure 2 and Figure 3(a). The colors in 
Figure 3(a) indicated that the material composition changed periodically in four cycles as 
commanded. The pattern of material color change was similar in each cycle, indicating that the 
delay in composition transition was repeatable.  Other than observing the material composition 
variation visually by color, EDS was also utilized on sintered specimens to obtain detailed 
measurements of composition at locations of interest. As shown in Figure 3(b), 42 locations of 
interest in cycle 1 were selected for EDS measurements. Locations 1 and 42 were the starting and 
ending locations of cycle 1, i.e., the locations where the tool head was commanded to switch from 
one material to another. The EDS measurements were taken at the surface of the specimen. At 
each location, the EDS measurement covered three areas of ~ 120 µm by 120 µm. The percentages 
of Al atomic counts over the total atomic counts of Al, Zr, and Y of the three sampling areas for 
all locations are plotted in Figure 3(c). According to the graph in Figure 3(c), after the command 
to change material was received at location 1, the actual material composition started to change at 
location 7, and gradually transit to the desired material composition (100% Al2O3). Location 38 
was determined as the location where the transition of composition was completed. The stable 
material composition between locations 1 and 7 was characterized as the result of purging out the 
residual ZrO2 paste in the material outlet (shown in Figure 1(a)). The volume of paste being 
deposited between locations 1 and 7 was termed the delivery delay. On the other hand, the volume 
of paste being deposited between locations 7 and 38 was termed the transition delay, which was 
related to the paste streams propagating behavior in the flow path of the mixer, and the volume of 
the flow path. The delivery delay and the transition delay made up the total delay when changing 
material composition, and their volumes were quantified as 0.12 mL, 0.36 mL, and 0.48 mL, 
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respectively. As expected, the delivery delay (0.12 mL) was equal to the volume of the material 
outlet of the mixer. In the practice of printing laminar FGM samples, the total delay (Vdelay) was 
considered in the control scheme, and proper compensation was made to precisely deposit 
materials with desired compositions. 
 
Figure 3. (a) Four cycles of the printed serpentine. (b) 42 sampling locations for EDS test on cycle 1 of the 
serpentine.  (c) The atomic percentage of Al measured by EDS at different locations. 
 
Fabricating laminar Al2O3/ ZrO2 FGM specimens 
To examine the ability of the dynamic mixing tool head to accurately control the material 
composition, and to study the drying and sintering behavior of bulk FGM specimens, three groups 
of laminar FGM specimens graded from Al2O3 to Al2O3/ZrO2 (50/50) were fabricated. Each 
group had three samples with different material gradients. The material gradient for the three types 
is shown in Figure 4. Type 1 had a 5 vol% increment of ZrO2 every one layer and hence grads 
from Al2O3 to Al2O3/ZrO2 by 10 steps through 11 layers. Type 2 had a 10 vol% increment of 
ZrO2 every 2 layers hence grads from Al2O3 to Al2O3/ZrO2 by 5 steps through 11 layers. Finally, 
Type 3 was transitioned from Al2O3 directly to Al2O3/ZrO2 at the 6th layer of the 11-layer sample. 
All the FGM specimens were designed to have identical dimensions (70×20×6.6 mm3) and 
numbers of layers to ensure a fair comparison of potential part deformation after sintering.  
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Figure 4. Design of material composition distribution in three types of FGM specimens. 
 
Considering the significant delay (Vdelay = 0.48 mL) of changing composition discussed in 
the previous section, each time a change of composition in a new layer was required, an additional 
purging process was conducted before the new layer was started. In the purging process, the 
dynamic mixing tool head was commanded to move out of the building substrate, extrude two 
pastes at predetermined flowrates for a certain volume Vpurge until the materials at the nozzle tip 
reached the desired steady composition (Vpurge ≥ Vdelay), and was finally moved back to the building 
substrate to start the new layer. The entire printing and purging process was fully automated by G-
Codes. A Vpurge of 0.5 mL was used in this experiment. The printed FGM specimens were bulk 
dried in an environmental chamber for 12 hours where the temperature was controlled at 24°C and 
the relative humidity at 75%, then fired at 500°C for 1 hour to burn out the organic constituents 
including binder and dyes, and finally sintered at 1500°C for 1 hour to densify. The sintered 
specimens were characterized, and the result is presented in the following section. Figure 5 shows 
the printing process of an FGM specimen and dried FGM specimens of three types. 
 
Figure 5. (a) A laminar Al2O3/ZrO2 FGM specimen being printed using the dynamic mixing tool head. (b) 
(c) (d) A group of laminar Al2O3/ZrO2 FGM specimens printed and dried. 
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Results and Discussion 
Accuracy of material composition control 
Two sintered FGM specimens from Type 1 were cut, and ground from the side for ~ 4 mm 
to reveal the inner cross-section as illustrated in Figure 6(b), then polished down to a 0.25-micron 
finish and coated with gold/palladium for EDS measurements. For all 11 layers in the two 
specimens, EDS intensity measurements were taken over 3 regions with aproximately120 µm by 
120 µm areas. The ratio of Al peak vs. Zr peak, as well as the SEM images of two example layers,  
are shown in Figure 6(c)(d). The dark (Al2O3) and bright (ZrO2) phases in the SEM images show 
a homogeneous distribution of the two materials.  
 
Figure 6. (a) A photo of a dried (not sintered) FGM specimen of Type 1, and a close-up view showing a 
color change of its layers. (b) Schematic showing the cross-section where EDS measurements were taken. (c) (d) 
EDS peaks and SEM images taken from layer 11 and 6 of the specimen.  
 
The mean values of the measured atomic percentage of Al for layers 1-11 were plotted in  
Figure 7 by the solid line. Based on the designed volume ratio of the Al2O3 and ZrO2 pastes, the 
solids loading of two pastes, density and molecular weight of the two materials, the nominal atomic 
percentages of Al in all layers were calculated and plotted in Figure 7 by the dashed line. The 
average error between the measured value and nominal value was 1% and the maximum 
discrepancy was 2%, indicating a good accuracy of the dynamic mixing tool head for controlling 
material composition.  
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Figure 7. The atomic percentage of Al of each layer in the sintered FGM specimens. 
 
Deformation of specimens 
After sintering, the 3 groups of colored Al2O3/ZrO2 specimens turned white since the 
organic dyes burned out during the firing process. Curling and delamination were observed in the 
sintered specimens. In order to quantify the deformation of each specimen, as shown in Figure 8, 
the specimens were flipped on a flat substrate to measure the heights at their center and two ends, 
from which the curling angles were calculated for every specimen. The quantified deformation of 
all FGM specimens is reported in Table 1. 
 
Figure 8. One group of FGM specimens after sintering, deformation, and failure were observed. 
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Table 1. Quantified deformation (curling angle) of each FGM specimen after sintering. 
Grading Step 
Curling Angle  
Group 1 Group 2 Group 3 
5% (Type 1) 2.7° 2.3° 2.9° 
10% (Type 2) 3.6° 3.8° 3.7° 
50% (Type 3) 4.9° (cracked) delaminated delaminated 
 
Vickers hardness 
A sintered FGM specimen from Type 2 was cut, ground and polished in the similar way 
illustrated in Figure 6(b). Micro-indentation tests were performed at layers with different material 
compositions following ASTM C1327 standard [26]. For each layer with different compositions, 
5 indentations were performed at different locations and the mean values of Vickers hardness were 
presented in Table 2, as well as their standard deviations.  
Table 2. Vickers hardness of layers with different composition of Al2O3/ZrO2 in an FGM specimen. 
Layer 
Volume ratio  
of Al2O3 vs. ZrO2  
Vickers Hardness (GPa) 
Mean Standard Deviation 
10-11 50%:50% 15.0 0.31 
8-9 60%:40% 16.0 0.23 
6-7 70%:30% 16.3 0.14 
4-5 80%:20% 16.9 0.41 
2-3 90%:10% 17.5 0.28 
1 100%:0% 18.4 0.32 
 
Discussion 
Due to the delay of changing material composition using the dynamic mixing tool head, 
time and material waste are introduced to the printing of laminar FGM specimens when pastes are 
purged out before they reach a desired stable composition for a new layer. Moreover, the transition 
delay also limits the accuracy of controlling the in-plane gradient of composition in one layer. 
Minimizing the delay is always desirable for fabricating FGM components. The key point of 
minimizing the delay is to reduce the volume of the flow path. However, tighter flow path leads to 
an increase of back pressure, which requires higher extrusion pressure, especially for highly-
viscous ceramic pastes. In addition, the fabrication of micro-sized mixing blades and flow paths is 
also challenging. A trade-off between the fast transition of composition and equipment investment 
is necessary, which will be investigated in the future, as well as the overall design of the dynamic 
mixer.   
According to Figure 8 and Table 1, as the step of changing composition increased, the 
amount of deformation of the sintered FGM specimen increased until structural failure (cracking 
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and delamination) took place. Although less significant, a similar trend of deformation was also 
observed on the FGM specimens after they were bulk dried, as shown in Figure 5(b)(c)(d). The 
deformation occurred during the bulk drying process indicated a mismatch in drying shrinkage of 
the two pastes. Since the two pastes had the same (50 vol%) solids loading, the difference in 
shrinkage was believed to be caused by the different packing density of the particles in the two 
pastes after they were dried. On the other hand, the deformation occurred during the sintering 
process was believed to be caused by the mismatch of sintering shrinkage and thermal expansion 
of Al2O3 and ZrO2. Larger differences in material composition between layers lead to larger 
stresses caused by the mismatch of material properties, which explains the fact that the larger step 
of changing composition led to larger amounts of deformation. A smoother (reduced) gradient of 
material composition is likely to reduce the amount of deformation and the risk of part failure. 
Adjusting the inherent properties of the raw materials to reduce the mismatch of shrinkage could 
be another effective way of mitigating the stress and deformation. For example, according to the 
study of Sun et.al. [27], adjusting the particle size distribution of the Al2O3 and ZrO2 powders 
could contribute to matching the shrinkage of layers with different Al2O3/ZrO2 ratios in the FGM 
specimens.   
SEM images taken at the cross-section of the FGM specimens, of which two example 
images are shown in Figure 6, demonstrated a high homogeneity of the mixed Al2O3 and ZrO2 
phases. Vickers hardness reported in Table 2 demonstrated a clear trend of decreased hardness as 
the ZrO2 concentration was increased. The hardness values were in good agreement with data 
reported from other literature [27–29]. The hardness measurements at different locations for each 
composition were highly consistent according to their standard deviations, which is another 
evidence that the Al2O3 and ZrO2 pastes were mixed to highly homogeneous. 
 
Conclusions 
A dynamic extrusion-mixing device was developed for fabricating functionally graded 
materials (FGM) by the Ceramic On-Demand Extrusion process. The effectiveness of this device 
was validated by fabricating FGM specimens graded from pure Al2O3 to Al2O3/ZrO2 with 
predetermined material gradients. The FGM specimens were sintered at 1500 °C and the material 
composition of each layer in the sintered FGM specimens was validated by measuring the atomic 
percentage of Al and Zr by energy dispersive spectroscopy (EDS), and compared to the original 
design of compositions. A 1% average error of material composition was observed from the 
comparison. Deformations were measured on the dried and sintered FGM specimens. Greater 
material composition gradients led to larger deformations of specimens. The Vickers hardness 
decreased from 18.4 GPa to 15.0 GPa as the volume percentage of ZrO2 increased from 0 to 50 
vol% in Al2O3/ZrO2 layers. 
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